The occurrence of epidemics of Fusarium head blight (FHB), caused by Fusarium graminearum Schwabe, in U.S. winter wheat (Triticum aestivum L.) during the past two decades led to signifi cant emphasis on development of resistant cultivars. Understanding the genetic diversity, population structure (PS), and linkage disequilibrium (LD) in winter wheat in the eastern United States is important for marker-assisted breeding and association analysis in this germplasm. Lines selected from collaborative FHB screening nurseries were genotyped with simple sequence repeat (SSR), sequence tagged site (STS), and Diversity Array Technology (DArT) markers to assess LD, genetic diversity, and PS. The genomewide average of LD decay to r 2 < 0.2 was 9.9 cM and moderate levels of LD (r 2 > 0.2) were generally constrained to markers less than 5 cM apart. Although the lines evaluated were targeted to distinct production zones of the eastern winter wheat region, cluster and principal component analyses did not detect separation of lines into subpopulations. The short, intense breeding history for scab resistance may have localized effects on LD. Lack of subgroups within our population could be due to intercrossing among common resistant parents and indicate frequent admixture and germplasm exchange among U.S. winter wheat programs focused on development of FHB resistant cultivars.
F
USARIUM HEAD BLIGHT (FHB), caused by Fusarium graminearum Schwabe, is a disease of wheat of international importance. Although the most economical method of mitigating disease is the planting of resistant cultivars, developing FHB resistant cultivars is complicated by the quantitative inheritance of resistance and large genotype × environment interactions. Until relatively recently, breeding for FHB resistance in the United States relied on natural epidemics for testing and lacked a concerted eff ort to identify sources of resistance. Griff ey (2005) reported that few U.S. winter wheat breeding programs actively bred for FHB resistance before 1990. Th is was due to infrequent outbreaks of FHB in North America and poor agronomics associated with the few identifi ed exotic sources of resistance (Stack, 2003) .
Several FHB outbreaks occurred in the 1990s in North America that resulted in an estimated US$4.8 billion in losses (Johnson et al., 2003; Windels, 2000) . As a result, research eff orts on FHB intensifi ed and since 1997, breeding programs in the spring wheat region of the northern Great Plains and the eastern winter wheat region of North America have collaboratively evaluated experimental lines in regional uniform scab screening tests.
Th ese lines are grown in FHB inoculated and mist-irrigated disease nurseries in a myriad of environments across their respective production regions. Th e experimental lines entered into the FHB screening nurseries may be released as cultivars and the most resistant selections are frequently shared across breeding programs for use as parents for crossing. Th erefore, the lines represent an important germplasm base for improving the FHB resistance of cultivars in their respective regions.
Th e relatively recent focus on breeding for FHB resistance and a lack of large numbers of adapted cultivars with resistance has led to the frequent use of unadapted sources of resistance as parents. One such parent is the Chinese cultivar Sumai 3, which was found in 60% of the pedigrees of entries in the Uniform Regional Spring Wheat Scab Nursery (Garvin and Anderson, 2002) . Asian cultivars such as Ning 7840, a derivative of Sumai 3, and Wuhan 1 have been common sources for resistance to FHB. Th e origin and distribution of global sources of resistance has been reviewed by Liu et al. (2009) and Buerstmayr et al. (2009) . North American soft winter wheat lines such as 'Ernie', 'Freedom', 'Roane', and 'Goldfi eld' were identifi ed as moderately resistant to scab and were also used as parents by winter wheat breeders (Griff ey, 2005) .
Selection for FHB resistance, the introgression of resistance genes and quantitative trait loci (QTL) from unadapted sources, and use of few adapted resistant parents may aff ect the genetic diversity, population structure (PS), and extent of linkage disequilibrium (LD) in breeding lines. Th ese population attributes are of interest to plant breeders, especially in relation to association studies (Chao et al., 2010; Comadran et al., 2010; Newell et al., 2010; Sneller et al., 2009) and marker-assisted breeding (Habier et al., 2007; Zhong et al., 2009) . For a collection of individuals, comprehension of LD, the nonrandom association of alleles at diff erent loci, and PS, the pattern of relatedness among lines, is key to maximize power, reduce false positives, correctly infer marker trait association, and predict the variation explained by markers (Breseghello and Sorrells, 2006b; Newell et al., 2010) . Quantifying these parameters depends on the type and density of markers (Sorrells and Yu, 2009 ) as well as the size and composition of a dataset (Price et al., 2006) . A single study on LD or PS cannot be projected to represent an entire species (Sorrells and Yu, 2009) .
In wheat, a lack of abundant genomic resources, particularly large numbers of single nucleotide polymorphism (SNP) markers, has made it diffi cult to evaluate the genome with high marker density. Diversity Array Technology (DArT) markers provide a cost eff ective approach to generate thousands of genomewide genetic markers. Detection of the presence or absence of polymorphic regions by DArT markers is accomplished through a complexity reduction of the genome by restriction endonucleases. Microarray analysis is used for detection of hybridized genomic fragments and complementary probes in parallel for thousands of markers in a single hybridization (Akbari, 2006) . Th e objective of this research was to characterize the PS and LD in a population of North American winter wheat selected from programs developing cultivars for FHB-prone regions.
Materials and Methods

Plant Material
A collection of 251 winter wheat lines (Supplemental Table S1 To assess if there was an eff ect of geography on PS, entries were assigned to a northern or southern group based on location of the developing breeding program. Th e northern group was further partitioned into a Midwest (MW) region that included entries from programs in Illinois, Indiana, Ohio, Missouri, and Kentucky and a northeastern (NE) region from programs in New York, Michigan, and Ontario. Th e southern group was divided into the Mid-Atlantic (MA) region (Virginia and Maryland) and Southeast (SE) region (Louisiana, Georgia, Arkansas, and North Carolina).
Genotypic Evaluation
Th e DNA was isolated from a single plant of each entry to avoid problems with heterogeneity. Tissue from the primary leaf was placed in a 96-well plate fi lled with silica gel in preparation for DNA extraction. Genomic DNA was isolated from dried leaf tissue following a cetyltrimethylammonium bromide method described by Diversity Arrays P/L (http://www.diversityarrays.com). Th e quality of DNA was evaluated on a 0.8% agarose gel and normalized to 50 ng μL -1
. For each sample a 20-μL aliquot of DNA was sent for DArT analysis.
Analyses were also performed with sequence tagged site (STS) markers diagnostic for the presence of the 1RS·1AL and 1RS·1BL wheat-rye (Secale cereale L.) translocation chromosomes (marker Xscm09; Saal and Wricke, 1999) and the Sr36 introgression from Triticum timopheevii (Zhuk.) Zhuk. (marker Xwmc477; Tsilo et al., 2008) . Sequence tagged site markers diagnostic for the Rht-B1 and Rht-D1 reduced height genes (Ellis et al., 2002) , Ppd-D1 photoperiod response locus (Beales et al., 2007) , and Fhb1 scab resistance gene (markers X3BS-SNP8 and Xumn10) were also evaluated (Liu et al., 2008; Bernardo et al., 2011) . In addition, 73 simple sequence repeat (SSR) markers targeted to regions reported to harbor FHB resistance QTL were evaluated (Somers, 2004) .
Amplifi cation of SSR and STS markers was performed in 12 μL reactions containing 1.2 μL 10x polymerase chain reaction (PCR) buff er with 15 mM MgCl 2 , 0.96 μL deoxyribonucleotide triphosphates (dNTPs) (2.5 mM), 0.24 μL each fl uorescent-dyelabeled primer (10 μM), 0.18 μL Taq polymerase (5 units μL -1 ), 7.18 μL H 2 O, and 2 μL of template DNA. Th e conditions for thermal cycling started with a 2 min denaturation step at 95°C followed by 35 cycles of 94°C for 30 s, 52 to 61°C for 30 s, and 72°C for 45 s and ended with an extension step at 72°C for 10 min. A 0.6-μL aliquot of PCR reaction was added to a 9.5 μL solution of formamide and LIZ dye standard, which was then denatured for 5 min at 95°C. Electrophoresis was performed on an ABI 3130 (Applied Biosystems). Th e soft ware GeneMarker v1.85 (Soft Genetics, 2009 ) was used to analyze and call SSR alleles, which were manually checked for accuracy.
All samples were assayed by Diversity Arrays P/L with a high density wheat array that has 7000 probes. Genotyping by DArT analysis was chosen as a cost eff ective approach to obtain genomewide coverage of markers (Akbari, 2006) . All samples were analyzed concurrently to ensure accurate detection of polymorphism.
Linkage Disequilibrium
Of the 2402 polymorphic loci in the DArT dataset, a position within a chromosome was available for 513 markers based on a DArT consensus map (Dr. A. Kilian, Diversity Arrays Technologies, personal communication, 2011) . Of the 513 mapped DArT loci, 31% of the markers colocated to positions with other markers, leaving 352 unique loci.
Calculation of LD for each chromosome was performed using JMP Genomics 5.0 (SAS Institute, 2010) using the 346 of the 352 DArT markers that have been assigned a unique location. Few polymorphic DArT markers were located on chromosomes 3D, 4D, 5A, and 5D and were not included in the analysis of LD. Th e r 2 coeffi cient according to Hill and Robertson (1968) was used to calculate pairwise LD estimates for the 16 chromosomes that had multiple DArT markers. Th e average extent of LD was calculated for linked and unlinked markers. Markers more than 40 cM apart were considered unlinked (Newell et al., 2010 ).
An estimate of the eff ective population size (N e ) was calculated from the average extent of LD (r 2 ) among unlinked loci according to the formula N e = 1/(2r 2 ) proposed by Hedrick (2005) . Th e rate of LD decay was determined with nonlinear regression by plotting the genetic distance over which LD decayed using SAS 9.2 (SAS Institute, 2010). Moderate LD was declared for loci with an r 2 > 0.2 (Sorrells and Yu, 2009; Somers, 2004) .
Population Structure
For analyses of PS and cluster analysis, markers with a minor allele frequency <10% were excluded, leaving 2064 DArT markers. Since DArT markers are known to cluster in the wheat genome (Akbari, 2006; Tinker et al., 2009 ) and the selected germplasm varied for the presence of interspecifi c translocations, the 2064 DArT markers were further curated to reduce biasing measures of genetic relationship with highly redundant markers. Th e LD tagSNP feature in JMP genomics 5.0 (SAS Institute, 2010) was used to identify groups of DArT markers with LD correlation coeffi cient of r 2 > 0.75 and a single marker from each group of markers was retained, reducing the 2064 DArT markers to 900 nonredundant loci. Th e largest groups of redundant marker loci were associated with alien introgressions on chromosomes 1B and 2B. Two bins on chromosome 1B contained 83 polymorphic DArT markers that were reduced to two unique loci and one bin on chromosome 2B contained 47 collinear DArT markers. Aft er accounting for 2.3% missing data, there were a total of 220,704 marker data points in the data set used to assess PS. Cluster analysis was done using Nei's genetic distance (Nei, 1972) using JMP Genomics version 5.0 (SAS Institute, 2010). Principal component analysis (PCA) was performed in SAS 9.2 (SAS Institute, 2010). Th e fi rst 10 eigenvectors of PCA were calculated from the correlation matrix derived from marker genotypes and eigenvectors were graphed to visualize relatedness of lines. Model-based analysis of PS was done with the program STRUCTURE (Pritchard, 2000) with the conditions of admixture and noncorrelated allele frequencies. Th e burn-in and simulation stages were both set at 50,000 iterations. Th e number of subgroups, K, was evaluated from 1 to 15 and each analysis was replicated eight times. Th e ad hoc ΔK method of Evanno et al. (2005) was used to determine the appropriate number of subgroups.
Population Diversity
Th e soft ware PowerMarker v. 3.25 (Liu and Muse, 2005) was used to determine allele frequencies, polymorphism information content (PIC), and gene diversity of each marker. Th e calculation of PIC and gene diversity for each marker was according to the formulas PIC = which P i and P j are the proportion of the population carrying the ith and jth alleles, respectively. Estimates were determined for all lines and subsets of entries based on geographic divisions. Polymorphism information content and gene diversity were calculated separately for biallelic DArT markers and multiallelic SSR markers. Th e relative importance of a parental line was assessed
by counting the occurrence of that line in the pedigree of other entries (Mikel and Dudley, 2005) .
Results
Th e 251 experimental lines and cultivars included entries from all collaborating wheat breeding programs in the eastern production region. Th e number of lines evaluated from a single breeding program ranged from 7 to 30 (Supplemental Table S1 ). Seventy percent of germplasm lines in the study were developed by breeding programs contributing to the two northern FHB screening nurseries (NUWWSSN and PNWWSSN), which included lines developed by programs in the MW region (128) and a smaller number of lines (35) from the soft red and white winter wheat NE region of New York, Michigan, and Ontario (Table 1) . Th irty-seven and 50 of the entries were developed by breeding programs located in the MA and SE regions, respectively.
Genetic Diversity and Allele Frequencies
Average gene diversity and PIC values for DArT markers were 0.39 and 0.31, respectively (Table 1) . Th e gene diversity and PIC means of SSR markers were 0.65 and 0.60, respectively. Th e observed values were similar for the northern and southern entries, with slightly lower PIC and gene diversity values observed for the NE and MA regions for both marker types (Table 1) . Th e mean number of alleles per SSR locus for all entries was 5.5 and a mean of 4.5 alleles was observed among both the northern and southern entries. Marker Xgwm349 had the largest number of alleles (10) and only two alleles were observed for seven SSR markers. While none of the 900 DArT markers were monomorphic within the northern or southern groups, 35 markers showed diff erences in allele frequency greater than 0.3 between these groups (Table 2) . Chromosomes 2D and 7A had the greatest number of marker loci with diff erences in allele frequency between the northern and southern groups greater than 0.3 with 25 and 12 markers, respectively. Th ree of the fi ve markers with allele frequency diff erences greater than 0.4 were located on chromosome 7A.
Diff erences in allele frequency of the DArT markers were observed between the MW, NE, MA, and SE germplasm (Table 2) . No alleles were fi xed in the MW group, although 43 markers were monomorphic in the NE group. Comparatively fewer loci, 2 and 14, were fi xed for the SE and MA groups, respectively. Th e proportion of loci with diff erences in allele frequency greater than 0.5 was greatest between the NE and the southern lines. Large diff erences in allele frequency were observed for few loci among the MW, SE, and MA lines (Table 2) .
Major Gene Differences among Regions
Evaluation with gene specifi c markers identifi ed differences in the frequencies of major dwarfi ng genes, Rht-B1b and Rht-D1b, in this set of germplasm (Table 3) . Although both the Rht-B1b and Rht-D1b dwarfi ng genes were present in lines originating in each region, Rht-B1b was three times more common in entries from the MW region than those from programs in the SE, MA, or NE regions. Rht-D1b was the most common dwarfi ng gene in (14) possessed neither Rht-B1b nor Rht-D1b. Th e SSR marker Xwmc477 was used to determine the presence of the Sr36 gene, located on a segment of chromosome 2B introgressed into T. aestivum from the tetraploid wheat relative T. timopheevii (Allard and Shands, 1954; Tsilo et al., 2008) . Th is alien introgression was detected in a total of 57 lines that originated from the MA, SE, and MW regions and was more common in southern entries (Table 3) . Th e rye-specifi c SSR marker Xscm09 amplifi ed 208 or 224 bp fragments in lines carrying either the 1RS·1BL or 1RS·1AL translocation chromosomes, respectively, having the short arm of rye chromosome 1R translocated onto the long arm of either wheat chromosome 1B or 1A. Lines possessing the 1RS·1AL translocation were rare in the northern entries but more common in the southern material (Table 3) . Th e 1RS·1BL translocation was detected in approximately a fi ft h of the lines assayed and was more frequent in entries developed by northern programs. Th e frequency of the Ppd-D1a allele that confers photoperiod insensitivity at the Ppd-D1 locus was similar among entries in all regions, ranging from 44% in the MW region to 54% in the NE region.
Population Structure
A dendrogram from hierarchical clustering based on genetic distance allowed us to visualize the relationship among lines. Two large clusters were observed, each having both northern and southern lines (Fig. 1) . Ten smaller clusters of more closely related lines were observed, some of which were composed primarily of entries originating from individual breeding programs (Supplemental Table  S1 ). In particular, clusters 1, 6, and 7 were composed primarily of lines from the Purdue University, University of Missouri, and Cornell University breeding programs, respectively. Fift een of the 17 entries from the University of Illinois were placed into a large group (cluster 2) that included the cultivars Ernie (released by the University of Missouri) and Tribute (released by Virginia Polytechnic Institute). Cluster 10 included seven of the nine entries from the breeding program at North Carolina State University. Cluster 9 included eight of the 30 entries from the Virginia Polytechnic Institute, most of which had the cultivar Roane in their pedigrees (Supplemental Table  S1 ). Clusters 2, 4, 5, and 8 were composed of entries from various programs across the region. Th e fi rst 10 eigenvectors from PCA explained 63.1% of the genetic variation; the fi rst two components accounted for 15.9 and 10.4% of the variation, respectively. A weak grouping of lines based on southern or northern origin was observed in the scatter plot of the fi rst two principal components (Fig. 2) . Although more closely related individuals that clustered together in the dendrogram were in close proximity on the graph of the fi rst two principal components, clusters were overlapping without distinct separation (data not shown).
Analysis in the program STRUCTURE (Pritchard, 2000) indicated that these soft winter wheat germplasm represent a single population. Graphing the average Ln P(D) of K = 1 to K = 15 did not identify a change in slope that corresponded to the number of underlying subgroups (Pritchard 2000) . Th e method of Evanno et al. (2005) that graphs the second order rate of change of Ln P(D), denoted ΔK, also did not identify multiple subgroups.
Evaluation of the pedigrees of the 251 entries indicated that some lines appeared frequently in pedigrees. Th e most common parents in pedigrees of nursery entries were the moderately FHB resistant soft red winter wheat cultivars Roane, Ernie, Hopewell, and Freedom, which appeared in the pedigrees of 64 entries from both northern and southern breeding programs. Among the 20 most commonly used parents were the Chinese lines W14 and Ning 7840 as well as the cultivar Pioneer brand 25R18 that has the Chinese line Sumai 3 as a parent. Each of these lines is known to posses the Fhb1 resistance gene located on the short arm of chromosome 3B. Based on marker evaluation, 35 entries in our study were determined to carry Fhb1 introgressed from these and other Asian sources.
Linkage Disequilibrium
Th e 346 loci polymorphic in our study and located on the DArT consensus map were used to estimate LD across chromosomes having multiple markers. Th e average marker density was one marker per 7.7 cM. Chromosome 2D has the highest saturation of markers with an average density of 2.5 cM, although other D genome chromosomes had poorer coverage (Table 4) . Seventyone markers were located on D genome chromosomes, with few DArT makers on 3D, 5D, and 7D and no polymorphic DArT markers located on chromosome 4D. In addition, only one polymorphic marker was located on chromosome 5A. Th e largest number of unique marker loci were assigned to the B genome (148) followed by the A genome (133). Across the 19 chromosomes with multiple markers, a total map distance of 2765 cM was represented.
Gaps in the spacing of markers were frequent. Of the 69 gaps greater than 10 cM, 43% (30) were less than 15 cM. Among the 18,344 pairwise combinations of markers on the same chromosome, 10,252 (56%) were spaced less than 40 cM apart and were considered linked.
Th e level of LD observed for diff erent chromosomes varied in this study. Th e distance over which LD decayed to r 2 < 0.2 ranged from 3.5 to 14.1 cM on chromosomes 2D and 7A, respectively (Table 4) . Th e average genetic distance at which LD on all chromosomes decayed to r 2 < 0.2 was 9.9 cM (Fig. 3) . Linkage disequilibrium ranging from r 2 = 0.13 to 0.50 was present for markers less than 5 cM apart on each chromosome and was greatest for closely linked DArT markers on chromosomes 1D, 3A, and 3B (Table 4) . Linkage disequilibrium generally declined for markers between 5 and 10 cM apart, although mean r 2 values of 0.25 and 0.35 were observed at these distances for markers on chromosomes 1D, 2B, and 6D. Using the genomewide estimate of LD observed for unlinked markers (r 2 = 0.011), the eff ective population size for our collection of lines is 45 individuals.
Discussion
Th e recent focus on breeding for FHB resistance in soft winter wheat in the eastern wheat production region of North America and investment of resources to obtain disease data from collaborative, inoculated screening nurseries raises the possibility of identifying QTL in these germplasm by association analyses. Also, these data may be suitable for development of genomic selection models for improving levels of resistance by markerassisted breeding. However, it is important to fi rst understand the LD, PS, and genetic diversity of the germplasm in the these collaborative nurseries that include experimental lines submitted by winter wheat breeding programs that focus on the many adaptation and quality traits needed for a successful cultivar in their particular environment in addition to increased FHB resistance. By genotyping a subset of entries from regional scab screening nurseries submitted over 3 yr with genomewide markers, we were able to examine the structure and LD in a population of winter wheat representative of the eastern growing region of the United States and selected for resistance to FHB.
In our study, major subgroups suggestive of PS among the entries in the FHB screening nurseries were not observed. Th is is in contrast to a number of studies in wheat where population stratifi cation has been reported. In a collection of U.S. hard wheat germplasm, two subpopulations were identifi ed that corresponded to lines having winter or spring growth habits (Chao et al., 2010) . Winter and spring wheat in the United States represent distinct genetic pools with limited admixture. Zhang et al. (2010) observed two major groups within contemporary U.S. winter wheat breeding lines: soft wheat from the eastern growing region and hard wheat from the Great Plains. Th e hard winter wheat was further divided into three subpopulations that corresponded to latitude of the developing breeding programs. In other studies, population stratifi cation within a region and/or market class has been observed. Tommasini et al. (2007) reported two subgroups of European winter wheat from multiple national programs. Four subgroups were reported in a collection of soft winter wheat cultivars from the United States with release dates that spanned approximately 30 yr (Breseghello and Sorrells, 2006a) .
In contrast to the subgroups observed within hard winter wheat from the Great Plains in the study by Zhang et al. (2010) , our study did not identify subpopulations within the soft winter wheat from the eastern United States. When entries in the current study were divided into four groups based on geographic regions of origin, it was clear that diff erences existed in allele frequencies for numerous loci, particularly for soft white winter wheat lines adapted to the most northern portion of the production region. Overall, the lower PIC values and number of alleles observed for the 35 entries from the NE region indicate that this region was less diverse in general. Th is result conforms to that of Kim and Ward (1997) , who reported soft white wheat in the eastern United States having a lower PIC (0.09 vs. 0.24) and higher coeffi cient of parentage (0.51 versus 0.15) than soft red winter wheat. However, the NE lines did not form a distinctive subpopulation, likely due to crossing to soft red winter germplasm by northeastern breeding programs. We had supposed that the diff erences in latitude among the programs and the inclusion of both soft red and soft white winter wheat would result in distinct groups of lines but did not fi nd evidence for this.
Extensive exchange of germplasm among winter wheat breeders in the eastern United States may have contributed to the absence of strong PS in our study. An examination of pedigrees of the entries in our study confi rmed the frequent use of the same sources of FHB resistance by diff erent breeding programs and sharing of germplasm among programs. A similar lack of subgroups in a European winter wheat population was reported in an association analysis study for FHB resistance (Miedaner et al., 2010) .
Diversity measures for SSR and DArT markers were comparable for the regional subsets, with the exception of the NE region that was somewhat less diverse. Th e mean observed gene diversity of SSR markers in this germplasm of 0.65 was greater than the mean value of 0.57 reported for the collection of hard and soft winter wheat breeding lines by Zhang et al. (2010) . Th is may be due to greater allelic diversity for SSR markers that were targeted to regions with reported FHB resistance QTL from exotic parents that appeared in pedigrees of lines in this study. Coeffi cient of parentage analyses also suggest that eastern United States soft red winter wheat (Kim and Ward, 1997) should have more diversity than hard red winter (Cox et al. 1985; Murphy et al., 1986) and that may explain the diff erence between our values and those of Zhang et al. (2010) .
Our estimated eff ective population size of 45 is similar to estimates for oat (Avena sativa L.) breeding worldwide (Newell et al., 2010) and for North American barley (Hordeum vulgare L.) germplasm (Comadran et al., 2010) . While exotic sources of resistance were evident as donors of QTL such as Fhb1, multiple native sources of resistance were also utilized to keep local adaptation haplotypes and improve agronomic traits, thus maintaining a similar eff ective population to other small grains.
Genomewide estimates of LD give an indication of the variation that could be explained by genomewide association studies. Estimates of LD observed in this study are within the range of reported estimates. Moderate levels of LD, r 2 > 0.2, were generally confi ned to markers less than 5 cM apart, a smaller distance than reported by Crossa et al. (2007) . In contrast, the distance over which LD decayed in our study of 9.9 cM was greater than reported by Chao et al. (2010) and Zhang et al. (2010) . Diff erences between studies may be attributed to the populations under examination and markers used. Th e historical population of international wheat germplasm for which Crossa et al. (2007) determined LD spanned 25 yr of breeding while the population of focus in this study represents material with a short and current breeding history that includes selection for FHB resistance. Th e study of Chao et al. (2010) also included more diverse germplasm from all regions of the United States while Zhang et al. (2010) included both hard and soft winter wheat. In addition, the spacing and type of marker used to analyze LD is also known to aff ect measurements. Th e use of SSR markers by Zhang et al. (2010) may have contributed to the diff erence with extent of LD in winter wheat reported in our study as multiple alleles of SSR markers drive down r 2 estimates. Although the estimates of LD in the current study are in the range of previous reports, our analyses are based on a limited number of DArT markers placed in unique locations on a consensus map. Th erefore, our estimates do not provide a high resolution picture of the distribution of LD across the genome. A higher density of markers, particularly on the D genome, would provide for a more accurate calculation of genomewide and region-specifi c LD. A more dense coverage with markers would also provide greater insight into the extent of LD for loci in closer proximity to one another and aid in identifying local regions that have been infl uenced by a short, intense breeding history for FHB.
Th e current density of polymorphic DArT markers in our population also limits the ability to map QTL with fi ne resolution. Nonetheless, DArT markers should prove useful for marker-assisted breeding applications such as genomic selection and for identifying regions involved in FHB resistance at a low resolution. Th e average genomewide density of the mapped DArT markers was 7.8 cM. However, overall genome coverage was greater since there were many more polymorphic DArT markers that were not present on the consensus map and therefore not included in the calculation of LD. We were able to identify 900 DArT loci with r 2 < 0.75, indicating that they represent unique loci. Th e lack of mapped positions for DArT markers will limit the application of the markers to locate QTL to specifi c chromosome regions and to make comparisons to other studies. In addition, based on the markers that have a map location, it is evident that some chromosomes are underrepresented on the DArT array, particularly D genome chromosomes. A reduced level of polymorphism with DArT markers in the D genome of common wheat has been reported previously (Akbari, 2006) . With the DArT technology, one cannot easily go back to fi ll in gaps of low marker coverage. However, the overall measures of LD and lack of PS observed in this germplasm using DArT markers can be applied to future studies using other genotyping methods, such as massively parallel SNP genotyping using the technology developed by Illumina or genotyping by sequencing. Th e diversity of the population under study support the conclusion of Sneller et al. (2010) that no single source of resistance dominates breeding for FHB resistance in soft winter wheat. Numerous sources of resistance were noted in an examination of pedigrees. Exotic germplasm has been used to improve FHB resistance in soft wheat, but its use has been restricted to backcrossing a few QTL and thus has not created a structure when genomewide patterns are evaluated. Our results suggest that we can apply marker-assisted breeding techniques to build on the already established germplasm exchange and collaborative phenotyping that exists among breeding programs in the soft wheat growing regions. In future studies, we will determine if it is possible to train robust genomic selection models for improvement of FHB resistance using the genotypic and phenotypic data available for elite breeding material entered in these trials.
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